Abstract. The in uence of soil background on most vegetation indices ( VIs) derived from remotely sensed imagery is a well known phenomenon, and has generated interest in the development of indices that would be less sensitive to this in uence. Several such indices have been developed thus far. This paper focuses on testing and comparing the sensitivity of seven intensively used, Landsat Thematic Mapper (TM) derived, VIs (NDVI, SAVI, MSAVI, PVI, WDVI, SAVI 2 and TSAVI) to bare surface variation with almost no vegetation signal. The study was conducted on a terrain composed of a high variety of bare surface materials of which basalt and gypsum are two extremely dark and bright substrates respectively. It was found that SAVI and MSAVI respond to bare surface material very similarly. Such close similarity was also found between PVI and WDVI, and between SAVI 2 and TSAVI. NDVI tends to be overestimated on dark surfaces, while SAVI, PVI and TSAVI show more sensitivity to bright surfaces. Comparison between D VI (the diVerence between pairs of VIs) and the brightness of the diVerent surface materials showed a high correlation in each case, which underlines the fact that the response of diVerent VIs to bare surface variation is mainly related to the surface brightness.
Introduction
DiVerent vegetation indices ( VIs), based on combinations of two or more spectral bands, have been developed over the last three decades because more information about the state of vegetation and its characteristics (spatial coverage, biomass, productivity, etc.) can be derived more accurately from multi-band analysis than from a single band. Most VIs are computed from radiance, re ectance, or at least apparent re ectance values in the red and the near-infrared (NIR) bands (Bannari et al. 1995) The most commonly applied vegetation index for agricultural and ecological applications is the Normalized DiVerence Vegetation Index (NDVI, table 1), which has been shown to be widely usable for vegetation analysis (Rouse et al. 1974) . Previous studies have shown that multi-temporal NDVI images are useful for analys- Major et al. (1990) ing spatial vegetation patterns and for assessing vegetation dynamics (e.g. Justice et al. 1985, Townshend and Justice 1986) . It is well documented that the brightness of soil beneath vegetation in uences the interpretation of green vegetation by satellite observations (e.g. Huete et al. 1984 , Huete and Jackson 1987 , Huete 1988 , Qi et al. 1994 , Qi and Huete 1995 . Using ground-based spectral measurements, Huete and Jackson (1987) concluded that light coloured soils produce lower NDVI values than darker soil substrates for equivalent vegetation cover. The problem is particularly noticeable in semi-arid and arid environments where there is less than 30% green canopy cover (Pech et al. 1986) .
The sensitivity of the NDVI to soil background has generated ample interest in developing other indices. DiVerent research groups have developed alternative VIs for qualitative and quantitative evaluation of vegetation characteristics using spectral measurements (see intensive review in Bannari et al. 1995) . Richardson and Wiegand (1977) noted that, in scatter plots of red against NIR pixel values, bare soil pixels were aligned along a straight line. This line has been denoted the 'soil line', which can be de ned by a linear equation with slope a and intercept b. They modi ed the four-dimensional 'Tasseled Cap' transformation of Kauth and Thomas (1976) to one with two dimensions for use with the red and NIR bands of Landsat MSS (MultiSpectral Scanner) data, and developed the Perpendicular Vegetation Index (PVI, table 1 ). The perpendicular distance of a vegetation pixel to the 'soil line' is a measure of the amount of vegetation. However, Huete et al. (1985) found that the PVI is also aVected by background soil brightness: brighter soil leads to higher PVI values and vice versa, which is the opposite eVect to that on the NDVI. Richardson and Wiegand (1977) presented also the Weighted DiVerence Vegetation Index (WDVI, table 1) which is functionally equivalent to the PVI but includes only the slope of the soil line in the equation. Huete (1988) introduced the Soil Adjusted Vegetation Index (SAVI, table 1) in order to minimize the soil darkness in uence. Based on a constant soil adjustment factor, L , SAVI minimizes the eVect of soil background re ected radiation. Qi et al. (1994) developed the Modi ed Soil Adjusted Vegetation Index (MSAVI, table 1) to further minimize soil background in uence by using a variable soil brightness correction factor to replace the constant soil correction factor as used in SAVI.
The Transformed Soil Adjusted Vegetation Index (TSAVI, table 1 ) is a modi cation of the SAVI concept that was developed by Baret et al. (1989) . TSAVI takes into account the soil parameters in the PVI concept and does not apply the correction factor L in the SAVI formula. Furthermore, a new version of the SAVI was developed by Major et al. (1990) ; this is referred to as SAVI 2 (table 1) , which considers whether the soil is either wet or dry, and incorporates the soil line parameter into the calculation.
DiVerent experiments have been conducted by some researchers, using narrowband eld re ectance spectra, to study the in uence of diVerent soil backgrounds on VIs (Perry and Lautenschlager 1984 , Price 1992 . These experiments took place mostly in agricultural areas with diVerent vegetation covers (Huete et al. 1985 , Huete and Jackson 1987 , Huete 1988 , Qi et al. 1994 , Qi and Huete 1995 . They were later extended to satellite-based broadband VIs (Qi and Huete 1995, Huete et al. 1997) . Liu and Huete (1995) used an analytical approach to examine noise sources in existing VIs, for variable canopy background conditions. Their results showed that among the most intensively used VIs, NDVI had the highest level of noise and error, whereas the soil noise in the SAVI and MSAVI had been partially removed to various degrees. Elvidge and Chen (1995) compared VIs by means of eld re ectance spectra acquired over pinyon pine and sage-bush canopies with diVerent backgrounds. The performance of each vegetation index was evaluated based on its capability to estimate leaf area index (LAI) and per cent green cover. Calculations and comparison of the VIs were based on spectral eld data, which were transformed to the broad bands of the satellite sensor. The results of that study showed a background eVect for each of the tested VIs. Rondeaux et al. (1996) simulated several VIs for diVerent soil samples and a range of canopy covers. The simulations were performed for a pair of single wavelengths in the red and NIR parts of the spectrum. Analysis showed that indices related to the soil line, such as SAVI, MSAVI and TSAVI, produce better results than the NDVI. The latter gives a very wide range of values with varying background.
The spectral re ectance of soil in the visible spectral bands formed part of numerous studies conducted in the recent past (Escadafal et al. 1989 , Escadafal 1993 , Mulders 1993 , Matikalli 1997 . Matikalli (1997) investigated the spectral re ectance of diVerent soil samples in the visible and NIR. The research indicated that colour is the main feature used in the identi cation of soils. For the identi cation and mapping of soil and geological materials of non-vegetated or sparsely vegetated regions, data acquired by sensors operating in the visible and NIR bands show a useful potential.
As mentioned earlier, soil brightness has a signi cant impact on VIs (e.g. Qi and Huete 1995, Huete et al. 1997 ). Escadafal and Bacha (1996) developed the Brightness Index (BI), which applies the re ectance values in two visible bands green (G) and red (R), and the NIR band to calculate the brightness of a surface:
The fact that the BI includes the NIR part of the spectrum makes this index useful for studying the in uence of soil brightness on VIs. Qi (1993) stated that, in order to evaluate VIs, one should consider four sensitivities of the indices. The author ranked these sensitivities in the following order: vegetation sensitivity, soil background variations, atmospheric conditions, and the sensor viewing geometry. The current study deals only with the second priority in vegetation index evaluations-soil background variations (soil brightness). This issue is especially important for global change studies and arid and semi-arid applications where the vegetation is sparse and, therefore, the soil background is the major contributor to the remote sensing signal. For vegetation applications, the primary goal is to minimize the soil noise.
The objective of this paper is to study the sensitivity of diVerent VIs (derived from a Landsat TM image) to bare substrate brightness. It should be emphasized that the evaluation of these VIs for vegetation interpretation in semi-arid environments, with sparse vegetation cover, was beyond the scope of this study. Most of the previous works in this domain deal with correlations between VIs and crop cover, biomass, chlorophyll content and other vegetation parameters, based on spectral eld measurements. In this work, only bare surfaces of diVerent brightness and their response to diVerent VIs were studied. Therefore, the correlation between VIs and vegetation parameters such as per cent cover and LAI does not need to be considered. Seven VIs were selected for examination. They belong to two groups; one characterizes the vegetation cover according to the red/NIR slope (NDVI, SAVI and MSAVI) and the other by the perpendicular distance from the bare soil line (PVI, WDVI, SAVI 2 and TSAVI).
Study area
The Makhtesh Ramon erosive crater ( gure 1) is located in the Negev Desert in southern Israel (30°00ê -30°15ê N and 34°40ê -34°50ê E). The crater is 40 km long and 7 km wide, covering about 200 km2 in area. The annual average rainfall is 56 mm, which is restricted to the winter months (October to March). The vegetation cover is less than 15%, consisting mainly of typical desert shrub vegetation, which is located primarily along the riverbeds in the crater (Danin 1983) . The annual vegetation varies between years depending on the rainfall amount and distribution.
The erosion crater was formed by the action of the intermittent river Nahal Ramon, which erodes through layers of the Eocene to reveal a variety of substrates otherwise not exposed in this area (Ward et al. 1993) . The bottom surface of the crater consists of a variety of geological units such as sandstone, gypsum, limestone, dolomite, plutonic crystalline rocks and others (Evenari et al. 1982) . Table 2 lists the key for the studied lithological/pedological substrates. Figure 1 shows a general geological map of Makhtesh Ramon (Segev 1996) . The large variety of geological formations concentrated over such a relatively small area has made it attractive for several remote sensing studies, with the main focus on geology (Kaufmann 1988 , Ben-Dor and Kruse 1995 , Ben-Dor et al. 1996 . The Landsat TM image in gure 2 shows the geologic heterogeneity of the surface in Makhtesh Ramon. The boxes show the most interesting parts of the study area with regard to the current study. 3. Methodology 3.1. Satellite data processing A Landsat TM image acquired in September 1995 was used for the study. This image, acquired after 6 months of dry weather and high temperatures over the Negev Desert, can be assumed to have detected almost no vegetation signal, only signals of the geological and pedological substrates.
Processing of the Landsat TM image included radiometric, atmospheric and geometric corrections. The radiometric correction procedure was adapted from Markham and Barker (1986) . Atmospheric correction of the Top-Of-Atmosphere (TOA) re ectance was carried out using the Second Simulation of the Satellite Signal in the Solar Spectrum algorithm, denoted 6S, version 6 (Vermote et al. 1997 ). For this program the desert model was selected. Measurements of the aerosol optical thickness and the precipitable water were obtained by an automatic Sun tracking photometer (CIMEL) (Holben et al. 1998 ). This instrument is located at the site of the Jacob Blaustein Institute for Desert Research, Ben-Gurion University of the Negev, Sede Boker Campus, about 30 km north of the study area. Values for ozone concentration were determined from climatological data, based on the Total Ozone Mapping Spectrometer measurements (TOMS 1993) taken onboard the Nimbus-7 spacecraft between 1987 and 1993. The image was recti ed using well distributed control points. A rst-order polynomial equation of the ERDAS Imagine image processing package was used to convert the le coordinates to recti ed map coordinates in the Israeli Grid coordinate system (ERDAS 1994).
Satellite data analysis
Seven diVerent VIs were determined (table 1) . To calculate the soil line, the lower values of the red versus NIR re ectance scatter plots were used. A simple linear regression between them was used to calculate the slope a and intercept b values of the soil line ( gure 3). For SAVI the soil adjustment factor L was used in addition. As suggested by Huete (1988) , L =1 was selected due to the sparse vegetation conditions of the study area.
Based on the calculation of the seven VIs, homogeneous substrates, characterized by low standard deviation of VI ranges, were identi ed. Each substrate represents a diVerent lithology or pedology. Since the dynamic ranges of the VIs are diVerent from one another, and a few of them can have negative values, it is impossible to compare them directly. Therefore, qualitative comparison between the VIs was performed after rescaling them to values in the range of 0 to 1, based on the following formula:
where, for a given VI type, the subscripts value, min, max and rescaled designate the original, minimum, maximum and rescaled values respectively. Besides the VIs, the Brightness Index (BI) was calculated for each substrate type, using equation (1), based on the method of Escadafal and Bacha (1996) . This was in order to study the relationship between the VI and the BI values of the diVerent bare surface types.
L aboratory measurements
Substrate samples were collected from diVerent locations in the Makhtesh Ramon Crater. Samples varied from black basalt (#1) to very bright gypsum (#14). For each sample, re ectance values were measured in the laboratory at wavelengths of between 400 and 1100 nm using a LICOR spectrometer (LI-COR 1989) . A 1000 W halogen lamp was used as a light source. Re ected radiation was measured with a 15° eldof-view from a height of 50 cm above the samples. An average value of four re ectance measurements for each sample was calculated, each obtained after rotating the sample 90°in the horizontal plane. The VI and BI values were calculated to correspond with the spectral bandwidth of the Landsat TM sensor.
Results and discussion
It is assumed that the re ectance values acquired by the Landsat TM were entirely from the substrate rather than vegetation since, in addition to the low vegetation cover, most of the plants were almost completely dry at that time of the year. Figure 3 shows the soil base lines resulting from interpolations between the low values from the red and NIR scatter plots of all substrates. The diVerence between red and NIR becomes larger as the brightness of the substrate increases. Therefore, the distance from the 1:1 line increases with substrate brightness. The slope of the soil base line re ects the sensitivity of the VI to the bare surface materials.
Higher slope values may cause higher VI values. Figure 3(a) shows the soil base line for the Landsat TM data. In comparison with gure 3(b), which represents the laboratory spectral measurements, the slope of the soil base line in gure 3(a) is steeper and shifts signi cantly from the 1:1 line with increasing surface brightness. This phenomenon is slightly less pronounced for the laboratory spectral measurements ( gure 3(b)). The high slope in the soil line, measured by the Landsat TM sensor in the red and NIR, might be caused by sparse cover of dead plant material in some of the study areas (limestone #12). Table 2 lists the re ectances in red and NIR as well as the original VI values for each substrate. All the parameters show a wide range of values for the bare surfaces. The relative diVerence between red and NIR increases with brightness of substrate, as can be seen in gure 3(a).
The correlation matrix between pairs of the seven VIs based on Landsat TM data is shown in table 3. Very high correlation coeYcients were found between SAVI and MSAVI (r2=0.999), WDVI and PVI (r2=0.997), SAVI 2 and WDVI (r2=0.930), SAVI 2 and PVI (r2=0.919), and SAVI 2 and TSAVI (r2 =0.951). The lower coeYcients of the other pairs are mainly due to the extreme dark or bright substrates such as basalt (#1), laccolith (#2), kaolinite (#13) and intstone (#15). This can be noticed from the high residual values of the diVerent substrates in the regression plots ( gures 4(a)-( f )). For example, in gure 4(a), basalt (#1) is represented by a high NDVI value but low SAVI value, thereby having a high residual value. A similar eVect can be noticed for bright surface materials. For example, the SAVI value of loess (#8) is much higher in relation to the NDVI value of the same material ( gure 4(a)). Based on these results, the number of VIs used for further study in this paper was reduced to four -the indices which showed least correlation in their sensitivity to the substrate (NDVI, SAVI, PVI and TSAVI). Analysis of the laboratory spectral measurements showed very similar high correlations for SAVI versus MSAVI, for PVI versus WDVI and TSAVI versus SAVI 2 . Table 4 lists the rescaled VI values that were extracted from the Landsat TM image for the selected substrates. The italicized entries represent substrates with high variation between rescaled VIs. The BI values of the substrates based on the spectral laboratory measurements are also listed. The strong sensitivity of NDVI for dark substrates is underlined by the high NDVI for basalt (#1), which is more than double the SAVI for the same substrate. The opposite is observed for bright substrates such as loess (#8), limestone (#12), kaolinite (#13) and gypsum (#14), for which the NDVI is lower than all the other VIs. For some materials (e.g. sandstone and sanddune (#3, 4, 5, 6)) all four VIs respond quantitatively similarly. The laccolith (#2) is characterized by small values for all VIs, whereas intstone (#15) shows a high response in all Landsat TM based VIs. Figure 5 shows images of four of the rescaled VIs for the central part of the Makhtesh Ramon Crater. In this area gypsum (#14) and laccolith (#2) are the main lithological/pedological substrates. As seen in gure 5(a), the gypsum (indicated by an arrow) is represented by low NDVI values, while SAVI ( gure 5(b)) shows relatively higher rescaled VI values for the same area. These results emphasize the observed phenomenon of low response of NDVI to bright surface types. This is in contrast to SAVI, which represents these bright materials with much higher values. PVI shows a similar response to NDVI, while TSAVI is close to SAVI. Figure 6 illustrates the same VIs, but for a diVerent zone located in the western part of the study area. As can be seen in the Landsat TM image ( gure 2), this area is covered by distinctive basalt hills. The basalt hills appear in diVerent grey tones on the images of the diVerent VIs ( gure 6), which is also obvious from the wide variation in the values representing basalt (#1) in table 4. The NDVI ( gure 6(a)) values are relatively high, while SAVI ( gure 6(b)) does not show much sensitivity to the darkness of the substrate. PVI ( gure 6(c)) appears to show almost the same response as SAVI, while TSAVI ( gure 6(d)) shows slightly higher values for the basalt than SAVI or PVI.
The previous comparison of all VIs shows that NDVI, SAVI, PVI and TSAVI respond diVerently to variability in bare surface material. Correlation analysis between the brightness values from the laboratory spectral measurements and those of the Landsat TM analysis, for the main substrates, gave a high value of r2=0.79. To summarize the relationship between brightness and VIs quantitatively, the BI and VI values based on the Landsat TM data were correlated (table 5) . High correlation between the BI and any VI means that the VI of the bare surface is very sensitive to the brightness of the substrate material. As seen in table 5, NDVI does not show any correlation, SAVI shows a strong correlation, whereas PVI and TSAVI show very little correlation with the surface brightness in the Landsat TM data. Since the sensitivity of satellite-derived VIs to surface brightness is a chief interest of this work, it is worthwhile examining the regression plots ( gure 7 ) between the Landsat TM derived VI and BI values of the selected bare surfaces. The NDVI shows a weak correlation with soil brightness, with only a slight decrease as a function of brightness ( gure 7(a)). The high NDVI value for basalt (#1) has contributed immensely to this result. SAVI shows high positive correlation with the BI of the surface material ( gure 7(b)). PVI ( gure 7(c)) and TSAVI ( gure 7(d)) also increase with increasing BI, but with a reduced correlation compared to SAVI. The diVerence between the rescaled VIs was calculated in order to detect the sensitivity and diVerent responses of the VIs to the brightness of various substrates. Figure 8 shows the diVerence between the rescaled NDVI and SAVI for the entire study area. The white and black areas are locations of extreme diVerence in response between the two VIs. White areas represent high NDVI values, while black areas show high SAVI values. Figure 9 shows the relationship between surface brightness and various VI pair diVerences. The diVerence between SAVI and NDVI (D SAVI-NDVI ) correlated highly positively (r2=0.89) with substrate brightness ( gure 9(a) ). The high correlation shows that the diVerence in the responses of SAVI and NDVI for (#1) and laccolith (#2) in these VIs does not have strong dependence on the brightness of both surface components. D SAVI-TSAVI in gure 9(e) shows the highest correlation with substrate brightness (r2=0.991). This is probably because, in general, TSAVI shows much higher values for dark surface types, while SAVI responds more sensitively to brighter surface materials. Furthermore, the slope of the regression line is relative high (0.462). The diVerence between PVI and TSAVI (D PVI-TSAVI ) shows a weak correlation as a function of substrate brightness (r2=0.331) ( gure 9( f )).
Conclusions
Soil background is a major surface component that has an impact on the spectral behaviour of vegetation canopies, especially in semi-arid environments with sparse vegetation cover. The goal of this paper has been to show that the values of the VIs vary not only as a function of the vegetation, but also due to variation in the exposed soil or rock background in terms of the substrate brightness. Therefore, the results presented here are speci c to the sensitivity of VIs to bare surface material rather than to vegetation. The sensitivity of diVerent VIs to bare surface materials and their Landsat TM derived brightness was investigated and the eVect of diVerent background substrates on the most widely used VIs was examined.
Out of the seven VIs investigated, it was found that three diVerent pairs have such a high correlation that one member of each pair can be practically considered the same index as the other. In eVect, SAVI and MSAVI show almost the same sensitivity to bare surface materials. The same phenomenon was observed also for PVI and WDVI, and for SAVI 2 and TSAVI. The main indices that show considerable variation between them are NDVI, SAVI, PVI and TSAVI.
It was demonstrated that NDVI is very sensitive to basalt and responds with a high value, whereas SAVI and PVI respond to bright surface materials with higher values. Comparison of brightness values with VI values of diVerent bare surface materials underlines the strong dependence of VIs on the brightness variation of the soil background. The high correlation between brightness and D VI proves these results. For instance, the diVerence in response between SAVI and NDVI, and SAVI and TSAVI to bare surface material is caused by brightness variation, while the diVerence between SAVI and PVI does not show the same strong dependence on brightness.
